We theoretically and numerically demonstrate an actively tunable slow light in a hybrid metal-graphene metamaterial in the terahertz (THz) regime. In the unit cell, the near field coupling between the metallic elements including the bright cut wire resonator and the dark double split-ring resonator gives rises to a pronounced transmission peak. By positioning a monolayer graphene under the dark mode resonator, an active modulation of the near field coupling is achieved via shifting the Fermi level of graphene. The physical origin can be attributed to the variation in the damping rate of the dark mode resonator arising from the conductive effect of graphene. Accompanied with the actively tunable near filed coupling effect is the dynamically controllable phase dispersion, allowing for the highly tunable slow light effect. This work offers an alternative way to design compact slow light devices in the THz regime for future optical signal processing applications.
I. INTRODUCTION
The recent advances in artificially subwavelength-structured materials, i.e. metamaterials, have revolutionized the research fields for the efficient manipulation of electromagnetic waves.
1,2 The unprecedented advantage of metamaterial lies in the exotic electromagnetic properties inaccessible in natural materials, which originates from the extremely geometrical scalability. This engineering tunability has inspired considerable works to fill the terahertz (THz) gap by designing proper metamaterial structures, realizing the interesting applications such as light modulators, perfect absorbers, and sensors. [3] [4] [5] [6] [7] [8] [9] [10] In particular, a wide variety of metamaterial structures composed of planar array of coupled resonators has been constructed to mimic the quantum phenomenon of electromagnetically induced transparency (EIT) in classical systems. In EIT metamaterial, the near field coupling between a bright and a dark mode resonator leads to a transmission window with steep dispersion, where the dark mode resonator showing sharp resonance is excited within the broad absorption band of the bright one. The large modification of the dispersive properties leads to the remarkable capability to slow down light, which shows promising prospects in optical buffering and storage for information processing.
11-17
In practical implementations, it is highly desirable to actively control the slow light in the coupled resonator system of EIT metamaterial. Recent researchers have reported the active modulation schemes through dynamically controlling the photoconductive materials or thermal superconducting materials which are integrated in the coupled system. In this paper, we design a THz hybrid metal-graphene metamaterial structure for the dynamic modulation of slow light. In the coupled system, the bright and dark resonators are metallic and the monolayer graphene is deposited under the metal-based dark resonator in a continuous form. The near field coupling between the metallic resonators gives rise in a sharp transparency peak in the simulated transmission spectrum and an active modulation of the coupling effect can be achieved by shifting the Fermi level of graphene. The modulation mechanism is investigated with the electric field and surface charge distributions, as well as the classical coupled harmonic oscillator model. In particular, the actively tunable phase shift and group delay are achieved in the proposed structure, which would find applications in optical networks and THz wireless communications.
II. DESIGN AND SIMULATION OF EIT STRUCTURE
As by the surface conductivity including the intraband and interband transition contributions.
In THz regime, the intraband transition contribution is dominant and the conductivity can
] where e is an electron charge, E f is the Fermi level of graphene, is the reduced Planck constant. 34, 35 The relaxation time τ can be calculated by τ = µE F /(ev 
III. RESULTS AND DISCUSSIONSS
To clarify the near field coupling effect in the proposed metamaterial, the transmission spectra of the isolated CWR array, the isolated DSRR array and the proposed structure array When the monolayer graphene is integrated into the metal-based structure, the near filed coupling effect would obtain an active modulation by shifting the Fermi level of graphene.
Accordingly, the transmission peak of the proposed metamaterial would experience an on-tooff switching modulation, as FIG. 3(a) shows. For the case without graphene, a pronounced transmission peak can be observed between two resonance dips with the transmission amplitude of 97.18% at 0.58 THz. When the Fermi level of integrated graphene increases from 0.25 eV to 0.50 eV, the coupling effect between bright CWR and dark DSRR gradually weakens and the transmission peak undergoes a strong decline from 55.67% to 24%. Upon further increase of the Fermi level, the coupling effect gradually diminishes. As the Fermi level increases to 1.00 eV, the transparency window disappear, showing a broad LSP resonance dip with a low transmission amplitude of only 0.59% in the spectra. Therefore, by shifting the Fermi level of graphene, an on-to-off switch of transmission peak associated with an active modulation of the near field coupling is achieved in the proposed metamaterial.
To elucidate the physical mechanism of the active modulation, the classical coupled har- The dark DSRR is represented by oscillator 2, which can be indirectly excited via the near field coupling between the two oscillators. For the proposed metamaterial, the interaction between the two resonators can be analytically described by the differential equations as
where x 1 , x 2 , γ 1 and γ 2 are the resonance amplitudes and the damping rates of the bright and dark modes, respectively. ω 0 and ω 0 + δ are the resonance frequencies of bright and dark modes, respectively. κ is the coupling coefficient between the two resonators, and E represents the incident electric field. By solving the equations in (1) and (2) with the approximation of ω − ω 0 << ω 0 , the susceptibility χ of the unit cell can be expressed by
Since the energy dissipation is proportional to the imaginary part χ i , the transmission T can be obtained as T = 1 − gχ i , where g describes the coupling strength of the bright mode with the incident electric field E. During the modulation process, the fitting parameters of γ 1 , κ, δ keeps basically constant, however, the damping rate of the dark DSRR γ 2 increases by two orders of magnitude from 0.005 to 0.12 THz. Thus, it can be concluded that the modulation of coupling effect is attributed to the increase in the damping rate of the dark resonator. The monolayer graphene placed under the dark DSRR behaves as a metal, and connects the two ends of each split with the high conductivity. Hence the conductive graphene enhances the loss in the dark mode and weakens the destructive interference between bright and mode modes. When the Fermi level reaches 1.00 eV, the large damping rate of dark mode γ 2 implies that the losses becomes too significant to maintain the dark resonance mode of DSRR, giving rise to the complete disappearance of the transmission peak.
To further investigate the physical origin for the active modulation of the near filed The actively controllable near field coupling of EIT resonance leads to the tunable slow light in the proposed metamaterial. The capability to slow down the speed of light can be described by the group delays, τ g = dψ/dω, where ψ represents the phase shift of the transmission. 38 It is evident that both the phase shift and the group delay experience a great 
